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A water-soluble fluorescence resonance energy transfer (FRET) probe for hypochlorous acid (HOCl), dansyl rhodamine B pipe-   
razinoacetohydrazide, was designed, synthesized and characterized. The dansyl moiety in the probe acted as a FRET donor and 
the rhodamine moiety acted as a FRET acceptor. The two moieties were connected by a HOCl-cleavable active bond, and cleav-
age of this linker decreased the FRET efficiency and increased the fluorescence intensity of the donor at 501 nm. The water solu-
bility of the probe was improved compared with other probes by introduction of the cationic rhodamine fluorophore. As a result, 
the probe could be used to detect HOCl in aqueous biosystems with a linear range of 2–10 mol/L and a detection limit of 80 nmol/L 
(signal- to-noise = 3). The probe was successfully applied to fluorescence imaging of HOCl in HeLa cells.  
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Hypochlorous acid/hypochlorite (HOCl/OCl) is a reactive 
oxygen species (ROS) and a powerful oxidant. Unlike most 
of other ROS, HOCl is widely used as a household bleach 
and disinfectant in our daily lives [1–3]. HOCl is also known 
to be essential to several biological processes [4–6]. Endo-     
genous HOCl generated by the myeloperoxidase (MPO)-H2O2- 
chloride system in activated leukocytes plays a critical role 
in immune systems, and can kill a wide range of pathogens 
[7]. For example, HOCl can be generated at 20–400 mol/L 
per hour by activated neutrophils under inflammatory con-
ditions [8]. However, excess HOCl may cause tissue dam-
age, and abnormal levels of HOCl are related to many 
pathological processes including cardiovascular disease, 
arthritis, neurodegeneration, and cancer [8–11]. To increase 
understanding of the biological effects of HOCl, many ef-
forts have been made to develop selective and sensitive  
analytical methods for HOCl [1–3,12–20]. Among these 
methods, fluorescent probes have received considerable 
attention because of their good time and spatial resolution 
[21]. To date, several fluorescent probes for HOCl sensing 
have been reported, which are designed based on HOCl- 
induced oxidation reactions [12–18]. These probes exhibit 
reasonable sensitivity and selectivity. However, most of 
them have poor water-solubility, which means that organic 
co-solvents have to be used. This makes detection rather 
inconvenient and sometimes even incompatible with aque-
ous biosystems. 
Recently, we developed a spectroscopic reagent, rhoda-
mine B piperazinoacetohydrazine (RBPH, Scheme 1), for 
carbonyl labeling [22,23]. Because of its electrically charged 
character, RBPH has good water-solubility and can be used 
in pure aqueous media. However, according to the previous 
observations, dibenzoylhydrazine can be selectively oxi-
dized by HOCl to dibenzoyl diimide, which will undergo 
further decomposition in some nucleophilic solvents [13,24]. 
Based on these facts and the fluorescence resonance energy  
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Scheme 1  Synthesis of DNS-RBPH. 
transfer (FRET) principle, RBPH could be used to construct 
a water-soluble HOCl probe that possesses the structural 
feature of dibenzoylhydrazine. This would be expected to 
follow the HOCl-mediated oxidation pathway.  
Here we report the design, synthesis, and characterization 
of dansyl rhodamine B piperazinoacetohydrazide (DNS- 
RBPH, Scheme 1) as a water-soluble FRET probe for HOCl. 
This probe includes a dansyl (DNS) fluorophore as a donor 
and RBPH as an acceptor. The two fluorophores are con-
nected by an N′-acylsulfonohydrazide linker, which can be 
cleaved by HOCl. Selective cleavage of the linker by HOCl 
should change the FRET efficiency and fluorescence inten-
sity of the donor at 501 nm. The influence of the cationic 
RBPH unit on the probe’s water solubility, and the selectiv-
ity of the probe for HOCl over other ROS were investigated. 
This probe could be used to detect HOCl in aqueous bio-
systems, and it was applied to fluorescence imaging of 
HOCl in HeLa cells. 
1  Experimental 
1.1  Materials 
Dansyl chloride (DNS-Cl,  99.0%) was purchased from 
Sigma-Aldrich (St. Louis, MO) and used as received. Ace-
tonitrile and methanol (HPLC grade) were purchased from 
Thermo Fisher Scientific (Waltham, MA). RBPH was syn-
thesized as reported previously [22]. Hypochlorous acid was 
prepared by distillation from the 5% commercial sodium 
hypochlorite solution. The hypochlorous acid was stored for 
up to one week at 4°C as a 100 mmol/L solution, and the pH 
was adjusted to 11 by addition of sodium hydroxide. Before 
use, sodium hypochlorite was assayed using a molar absorpti-    
vity of 391 L mol1 cm1 at 292 nm [25]. The fluorescence 
quantum yield was determined using rhodamine B in etha-
nol  ( = 0.69) as the standard [26]. A stock solution (1 
mmol/L) of DNS-RBPH was prepared in water, and was 
stable for at least one week when stored at 4°C in the dark. 
Other reagents were of analytical grade. Deionized and dis-
tilled water was used in all the experiments.  
1.2  Apparatus 
1H NMR was measured on a Bruker DMX-300 spectrometer 
in D2O. Electrospray ionization (ESI) mass spectra were 
recorded in either positive or negative mode with a Shi-
madzu LCMS-2010 (Kyoto, Japan). High-resolution ESI 
analysis was performed using a Bruker Apex IV FTMS 
(Billerica, MA). Fluorescence spectra were recorded on a 
Hitachi F-2500 spectrophotometer in 10 mm × 10 mm quartz 
cells (Tokyo, Japan), with excitation and emission slit widths 
of 10 nm. Absorption spectra were recorded in 1 cm cells 
with a TU-1900 spectrophotometer (Beijing, China). HPLC 
analyses were performed on an Inertsil ODS-SP (250 mm × 
4.6 mm I.D., GL Sciences, Torrance, CA) column using a 
Shimadzu HPLC system consisting of two LC-20AT pumps 
and a SPD-M20A diode array detector. A model HI-98128 
pH-meter (Hanna Instruments Inc., Woonsocket, RI) was 
used for pH measurements. Fluorescence images were ob-
tained with a FV1000-IX81 fluorescence microscope (Olym-
pus Corp., Tokyo, Japan). 
1.3  Synthesis and characterization of DNS-RBPH 
DNS-RBPH can be readily synthesized by direct coupling 
of dansyl chloride and RBPH (Scheme 1). Briefly, RBPH 
(200 mg, 0.32 mmol) and anhydrous K2CO3 (50 mg, 0.36 
mmol) were added to a stirred solution of dansyl chloride 
(100 mg, 0.39 mmol) in CH2Cl2 (50 mL). The mixture was 
stirred vigorously at room temperature under an Ar atmos-
phere overnight. The resulting heterogeneous solution was 
filtered. The filtrate was concentrated under reduced pres-
sure to give a purple residue, which was rinsed several 
times with diethyl ether to remove excess dansyl chloride. 
The retained solid was dissolved in diluted HCl (pH 5), sat-
urated with NaCl, and extracted three times with CH2Cl2. 
The combined organic layers were dried over anhydrous 
Na2SO4, filtered, and concentrated under reduced pressure 
to yield a crude product. The product was then purified by 
silica gel column chromatography with CH3OH/CH2Cl2 
(1:10, v/v), affording DNS-RBPH (170 mg, 60%) as a dark 
purple solid. 1H NMR (300 MHz, D2O):  = 8.41–8.36 (m,  
2H), 8.24 (d, J = 6.9 Hz, 1H), 7.84–7.77 (m, 2H), 7.58–7.47 
(m, 4H), 7.28 (d, J = 7.5 Hz, 1H), 7.18–7.10 (m, 2H), 
6.93–6.73 (m, 4H), 3.56–3.53 (m, 8H), 3.10 (brs, 4H), 2.83  
(s, 5H), 2.71 (s, 1H), 1.64 (brs, 5H), 1.27–1.25 (m, 1H), 
1.21–1.17 (t, J = 6.9, 12H). HR-ESI-MS: calcd for 
[C46H54N7O5S]
+: m/z 816.3907; found: m/z 816.3885. 
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1.4  General procedure for fluorescence analysis 
Unless otherwise stated, a 50 mmol/L Na2HPO4-NaH2PO4 
solution at pH 7.4 (referred to as phosphate buffer) was 
used in the fluorescence analysis. Briefly, 20 L of the 
stock solution (1 mmol/L) of DNS-RBPH was added to a 10 
mL tube, followed by addition of 5 mL of phosphate buffer 
(0.1 mol/L) and 4 mL of water. Then an appropriate volume 
of HOCl sample solution was added, and the final volume 
was adjusted to 10 mL with water. After standing for 20 min, 
the fluorescence intensities/spectra of the mixture were 
measured at ex/em = 370/501 nm. As a control, the same 
procedure was performed in the absence of the analyte. 
1.5  Preparation of ROS 
Various ROS were produced following known methods 
[6,27–29]. 
1.6  Fluorescence imaging of HeLa cells 
HeLa cells were grown on glass-bottom culture dishes 
(MatTek Co., Ashland, MA) using Dulbecco’s modified eagle 
media supplemented with 10% (v/v) fetal bovine serum, 
penicillin (100 g mL1), and streptomycin (100 g mL1) 
in a humidified 37°C, 5% CO2 incubator. Before use, the 
adherent cells were washed with phenol red-free Dulbecco’s 
modified eagle media three times. For HOCl imaging, the 
cells were first loaded with 10 mol/L DNS-RBPH at 37°C 
for 20 min, washed with phosphate buffered saline (pH 7.4) 
three times to remove the free DNS-RBPH, and then incu-
bated with 5 mol/L of sodium hypochlorite for 15 min or 
30 min. Fluorescence images were captured with a cooled 
digital CCD camera attached to an inverted fluorescence 
microscope (objective lens 60, ex = 330 – 385 nm). 
2  Results and discussion 
2.1  Design of DNS-RBPH 
The DNS-RBPH probe was designed by incorporating DNS 
and RBPH into a dyad using N′-acylsulfonohydrazide as a 
linker. The dyad is expected to exhibit FRET, because the 
absorption spectrum of RBPH (acceptor) overlaps with the 
emission spectrum of DNS (donor), which is favorable for 
FRET (Figure 1) [30,31]. When connected by the linker, the 
two fluorophores are positioned close to each other, and the 
fluorescence of the donor can be quenched effectively 
through the FRET process. The N′-acylsulfonohydrazide 
moiety in the probe may be selectively oxidized and cleaved 
by HOCl, and this cleavage will separate the two fluoro-
phores and increase the fluorescence of the donor. Further-
more, the cationic unit of RBPH increases the water solubi-    
lity of the probe, so that it could be applied in a pure aque-
ous medium.  
 
Figure 1  Normalized absorption and emission spectra of DNS and RBPH. 
Absorption (a) and emission (a′) spectra of DNS; absorption (b) and emis-
sion (b′) spectra of RBPH. The shaded area indicates the spectral overlap 
between the emission of DNS and the absorption of RBPH. 
2.2  Optimization of experimental conditions 
Various factors affecting the reaction of DNS-RBPH with 
HOCl in an aqueous medium were investigated. The pH did 
not influence the fluorescence response in the range pH 
6–10. Consequently, the physiological pH of 7.4 was used 
in this work, and the solution was maintained at this pH 
using 50 mmol/L phosphate buffer. Under acidic (pH<5) 
conditions, the fluorescence intensity decreased, which may 
be caused by the destruction of the fluorophores by the 
stronger oxidative ability of HOCl. Time course studies 
revealed that at either room temperature or 37°C, HOCl 
addition resulted in a rapid increase in the fluorescence in-
tensity at 501 nm from the DNS unit up until 20 min, and 
then remained stable for at least 1 h. As a result, a reaction 
time of 20 min and room temperature were chosen for this 
study. 
2.3  Fluorescence properties and analytical characteris-
tics of DNS-RBPH for HOCl 
The fluorescence spectra of DNS-RBPH and its reaction 
solution with various concentrations of HOCl are shown in 
Figure 2(a). As expected, the fluorescence of the DNS unit 
in the probe was quenched by intramolecular FRET, and 
only the fluorescence (em = 585 nm) of the RBPH unit was 
observed. When HOCl was added to the probe solution the 
DNS fluorescence (em = 501 nm) appeared, which may be 
ascribed to the decrease in the FRET efficiency via the re-
moval of the RBPH unit. Surprisingly, the fluorescence in-
tensity of the RBPH unit also increased. A possible expla-
nation for this phenomenon may be the fact that RBPH also 
has a relatively weak absorption band in the ultraviolet re-
gion (curve b in Figure 1), and can be excited at 370 nm. 
However, the acceptor RBPH has a higher fluorescence 
quantum yield ( = 0.19 in water) [22] than DNS-RBPH ( = 
0.07 in water). Therefore, the reaction solution containing 
the released RBPH unit has the increased fluorescence  
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Figure 2  Analytical performance of DNS-RBPH. (a) Fluorescence spectra 
of DNS-RBPH (2 mol/L, curve 1) and its reaction solutions with various 
concentrations of HOCl (2–40 mol/L, curves 2–9) according to the general 
procedure. (b) Fluorescence intensity change (F) of DNS-RBPH against 
the HOCl concentration from 0 to 10 mol/L at ex/em = 370/501 nm. 
intensity at 585 nm. 
Because of the low background signal, the quantification 
of HOCl is based on the enhancement (F ) of the fluores-
cence intensity from the DNS unit at 501 nm. This is di-
rectly proportional to the HOCl concentration from 2 to  
10 mol/L with a regression equation of F = 0.704 × C + 
0.097 and a linear correlation coefficient of 0.998 (Figure 
2(b)). The detection limit was 80 nmol/L HOCl (S/N = 3). 
2.4  Selectivity studies 
To test the selectivity of the probe, the reactivity of DNS- 
RBPH was studied with various ROS in 50 mmol/L phos-
phate buffer (pH 7.4), including ·O2, HO·, 1O2, H2O2, and 
HOCl. The reactions were conducted in parallel at room 
temperature for 20 min, and the fluorescence intensity at 
501 nm was monitored. The probe displayed high selectivity 
towards HOCl against other ROS (Figure 3(a)). In addition, 
the reaction of DNS-RBPH with other common ions (Al3+, 
Ca2+, Cu2+, Fe3+, Fe2+, Hg2+, K+, Mg2+, Mn2+, Ni2+, Pb2+, 
Zn2+, Cl, NO3
, and CO3
2) was also examined under the 
same conditions (Figure 3(b)). None of the ions led to a 
noticeable fluorescence response, which suggests that the  
 
Figure 3  Selectivity studies of DNS-RBPH. (a) Comparison of the fluo-
rescence intensities (ex/em = 370/501 nm) of 2 mol/L DNS-RBPH (probe) 
and its reaction solutions with HOCl (20 mol/L) and other ROS (100 
mol ·O2, 100 mol/L H2O2, 20 mol/L HO·, and 100 mol/L 1O2. (b) 
Fluorescence spectra (ex = 370 nm) of 2 mol/L DNS-RBPH in 50 mmol/L 
phosphate buffer of pH 7.4 with various species: 20 mol/L HOCl; 10 mol/L 
Fe2+, Fe3+, Hg2+ or Pb2+; 100 mol/L Cu2+, Mn2+, Ni2+, Zn2+, Al3+ or ClO3;  
1 mmol/L Ca2+ or Mg2+; 0.1 mol/L K+, Cl, SO4
2 or NO3
. 
probe may be used to detect HOCl directly in the presence 
of other ROS and common ions. 
2.5  Study of the reaction mechanism 
The reaction mechanism of the present system was studied. 
Cleavage of the linker in the probe, and the subsequent sep-
aration of the DNS and RBPH fluorophores may be respon-
sible for the fluorescence response. To prove this, the reac-
tion products of DNS-RBPH with HOCl were analyzed by 
HPLC. As shown in Figure 4, the probe DNS-RBPH gave a 
chromatographic peak at 16.67 min (peak C in curve b). 
After reaction with HOCl (curve a), the DNS-RBPH peak 
decreased markedly, and two new chromatographic peaks 
emerged at 3.75 min (peak A) and 6.69 min (peak B). These 
peaks represented the formation of two major products, 
whose absorption spectra were recorded with the diode array 
detector. The product for peak A exhibited a characteristic 
absorption of the DNS fluorophore at 320 nm, and the ab-
sorption (561 nm) of the product for peak B was characteristic  
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Figure 4  HPLC chromatograms of different reaction products in 50 mmol/L 
phosphate buffer (pH 7.4). Curve a, 50 mol/L DNS-RBPH plus 100 mol/L 
HOCl. Curve b, 50 mol/L DNS-RBPH. Curve c, 100 mol/L HOCl. The 
peaks can be assigned as follows: A, 3.75 min, dansyl acid; B, 6.69 min, 
rhodamine B piperazinoacetic acid; C, 16.67 min, DNS-RBPH.  
of the RBPH fluorophore (Figure 5). This indicates that the 
two products contain the DNS and RBPH skeletons, respec-
tively. The two products were then obtained separately by 
collecting the corresponding chromatographic peaks, and 
subjected to ESI mass spectral analysis. The results indi-
cated that dansyl acid (m/z 250.1 [M-H]) was present in the 
peak A fraction and rhodamine B piperazinoacetic acid (m/z 
569.7 [M]+) was present in the peak B fraction. Based on 
the above findings and the known HOCl-induced oxidation 
of dibenzoylhydrazine [24], the reaction of this system is 
proposed to proceed mainly through the route depicted in 
Scheme 2, which releases the separated DNS and rhoda-
mine fluorophores. 
2.6  Fluorescence imaging of HOCl in HeLa cells 
Because DNS-RBPH has good water solubility it may be 
applied in aqueous biosystems. This was investigated by 
taking fluorescence images of HOCl with HeLa cells as the 
model biosystem. Because HeLa cells cannot produce a 
substantial amount of endogenous HOCl, they were exposed 
to HOCl before imaging. As shown in Figure 6, intact HeLa 
cells gave negligible autofluorescence under the imaging 
conditions, and DNS-RBPH loaded cells displayed only a 
relatively weak red-orange fluorescence. After incubation 
with NaOCl (5 mol/L) for 15 or 30 min, the fluorescence 
intensity of the DNS-RBPH loaded cells increased and their 
color changed from red-orange to yellow-orange as the in-
cubation time increased (Figure 6(c) and (d)). These results 
illustrate that DNS-RBPH can readily permeate the cell 
membrane and can be used to image the presence of HOCl 
in living cells. 
 
Figure 5  Absorption spectra obtained by a diode array detector in a Shi-
madzu HPLC system. (a) Absorption spectrum of the product for peak A in 
curve a of Figure 4. (b) Absorption spectrum of the product for peak B in 
curve a of Figure 4. 
 
Scheme 2  Possible reaction mechanism of DNS-RBPH with HOCl. 
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Figure 6  Fluorescence imaging of HOCl in HeLa cells. (a) Intact HeLa cells. (b) HeLa cells treated with 10 mol/L DNS-RBPH. The DNS-RBPH- loaded 
HeLa cells were then incubated with 5 mol/L NaOCl for 15 min (c) and 30 min (d).  




Detection limit Detection media Application Reference 
HKOCl-1 3–8 Not available Phosphate buffer-DMF (0.5%), pH 7.5 Cell imaging [3] 
(9-Anthryl)ethenyl-ferrocene 10–100 300 nmol/L Phosphate buffer-THF (50%), pH 7.4 Cell imaging [12] 
N-Benzoyl rhodamine B-hydrazine 1–10 27 nmol/L Na2B4O7/NaOH buffer-THF (30%), pH 12 – [13] 
Rhodamine 6G hydroxylamide Not available 25 nmol/L PBS buffer-DMF (0.1%), pH 7.4 
Cell imaging; bio- 
imaging in zebrafish 
[14] 
4-(Diphenylamino)-benzaldehyde 100–180 Not available Phosphate buffer-DMF (80%), pH 9.0 – [16] 
DNS-RBPH 2–10 80 nmol/L Phosphate buffer, pH 7.4 Cell imaging This work 
 
2.7  Comparison with other methods 
Table 1 summarizes the parameters for different fluorescent 
probes for HOCl. Compared with the other probes, DNS- 
RBPH displays excellent water solubility, which may make 
it more suitable for biological studies. 
3  Conclusions 
In summary, we have developed a water-soluble FRET 
probe, DNS-RBPH, which exhibits high selectivity for HOCl 
over other ROS and common ions. The probe can be used in 
pure aqueous media, and is suited for the selective detection 
of HOCl in biosystems. The probe was successfully applied 
to fluorescence imaging of HOCl in HeLa cells. This com-
bination of a cleavable bond and intramolecular FRET pro-
cess may provide a useful strategy for the design of fluo-
rescent probes for other species. 
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